Shell model calculations have been performed for the nucleus 94 Mo. The calculated excitation energies and electromagnetic properties of low-lying states are in good agreement with the data, which include states with mixedsymmetry (MS) assignments in previous Interacting Boson Model studies. In the shell model large isoscalar E2 matrix elements are found between states with MS assignments indicating that they form a class of states with similar proton-neutron symmetry.
I. INTRODUCTION
Recently performed photon scattering experiments and γγ-coincidence studies [1, 2] of the nucleus 94 Mo indicate the existence of low-lying valence shell excitations with protonneutron symmetry different to that of the ground state in that nucleus. The measurements [1, 2] of absolute E2 and M1 transition strengths have been interpreted in terms of J π = 1 + , 2 + , 3 + mixed-symmetry states in the framework of the proton-neutron version [3] of the Interacting Boson Model (IBM-2). The proton-neutron symmetry of an IBM-2 wavefunction is quantified by the F -spin quantum number [3, 4] , which is the isospin for basic proton and neutron bosons. The IBM-2 predicts the lowest-lying collective states to be dominantly isoscalar excitations of the almost proton-neutron symmetric ground state with maximum F -spin quantum number F = F max . This is put in evidence by the existence of F -spin multiplets with rather constant energies [5] . The IBM-2 predicts also valence shell excitations with wavefunctions, which are not symmetric with respect to the proton-neutron degree of freedom [3, 4, 6, 7] . Such states have F -spin quantum numbers F < F max and are called mixed-symmetry (MS) states. The observations for the 1 94 Mo agree with MS assignments [1, 2] . The key-signatures used for the assignments of MS character to these states of 94 Mo were the measured relatively strong M1 transitions and weakly-collective E2 transitions to low-lying symmetric states.
Separate proton and neutron quadrupole surface vibrations, which lead to eigenstates with different symmetries with respect to proton-neutron permutations, have been considered in a geometrical model already in the sixties by Faessler [8] . At that time these states were predicted to exist above the particle threshold, at a much higher energy than recently observed. In the eighties [9, 10] the isovector vibrational model was improved giving quantitatively better description of the 2 + isovector vibrational states. The existence of collective orbital isovector M1 transitions in the geometrical Two Rotor Model for deformed nuclei was realized by Lo Iudice and Palumbo [11] . A more general type of enhanced magnetic dipole transitions in the valence shell of all open-shell nuclei, not only deformed, has been predicted [3, 4, 6, 7] in the IBM-2 as the decays of MS states. Following these predictions the dominantly isovector J π = 1 + state, generally called scissors mode, was discovered by Richter et al. [12] in inelastic electron scattering experiments in Darmstadt. The typically fragmented 1 + sc scissors mode was further investigated mainly by electron scattering [13] , photon scattering [14] and neutron scattering [15] experiments.
Many theoretical studies were published to explain the structure of this mode, e.g. [16] [17] [18] [19] [20] [21] [22] . The 1 + mode is expected to be dominantly excited by the isovector part of the M1 operator indicating its isovector character. The large M1 transition strength and its close correlation [23] [24] [25] [26] to the collective E2 excitation strength in deformed nuclei is usually considered an indication of the collective nature of the 1 + sc state. Another state with spin different from J π = 1 + but of similar isovector character, the one-quadrupole phonon 2 + ms state, has been identified from M1 strengths, too. The first 2 + ms assignments to states at about 2 MeV in vibrational nuclei around the N = 82 shell closure were based only on small E2/M1 multipole mixing ratios [27] [28] [29] [30] Lateron, several of these assignments were confirmed by the measurement of relatively large M1 and weakly-collective E2 transition strengths [31] [32] [33] [34] . Based on measured M1 and E2 strengths the experimentally observed 1 In nuclei not too far from shell closures the structure of low-lying valence excitations including the states, which are outside of the IBM configurational space, can be described using the shell model. It is the main aim of the present paper to describe the structure of the states observed in [1, 2] in the framework of the nuclear shell model, especially the structure of the 1 
II. THEORETICAL APPROACH
The shell model Hamiltonian is taken as H = H 0 + V where the mean field is given by
where n val is a number of single particle states in the adopted valence shells and the residual interaction is
Here a + ρ creates and a ρ annihilates a particle in the single particle orbital |ρ ≡ |n, l, j, m j , t = 1/2, t z and T is the isospin of the coupled particles. The first term H 0 is the Hamiltonian of the noninteracting particles. The residual interaction we used is the Surface Delta Interaction (SDI) [35] . This interaction contains strong pairing and quadrupole parts and higher multipolarity components, which are weaker than the first two. The SDI is an extremely simple interaction from the mathematical point of view. The two body matrix elements of the SDI are:
where Ω 12 is the angle between the interacting particles, R = 1.2 A 1/3 fm is the nuclear radius, and A ′ T is the strength constant of the SDI. There are three parameters A
′ ∈ {p, n}) that describe the interaction in the T=1 channel and one parameter A ′ pn T =0 describing the interaction in the T=0 channel. The fitted interaction parameters A ρ ′ ,ρ T are connected to the parameters from Eq.(3) by the following expression:A
where the radial matrix elements < δ(r ρ − R)δ(r ρ ′ − R) > are supposed to be independent of the single particle states involved (see for details [36] Table I . The SM calculations were performed on the Cologne Sun Ultra Enterprise 4000 workstation with two 166 MHz Ultra Sparc processors using the code RITSSCHIL [38] .
III. DISCUSSION
In the present shell model calculation for 94 Mo two neutrons can be distributed among five single particle orbitals: 2d 5/2 , 3s 1/2 , 1g 7/2 , 2d 3/2 and 1h 11/2 . The lowest neutron orbital is 2d 5/2 . The fully occupied neutron orbital 1g 9/2 forms the N = 50 closed shell and is about 4 MeV below the neutron 2d 5/2 orbital. Therefore, the influence of the 1g 9/2 orbital on the structure of low-lying states of 94 Mo is expected to be small 1 . This justifies the assumption of the N = 50 neutron core. For protons we have included the two orbitals 1g 9/2 and 2p 1/2 in the configurational space. The closest higher-lying proton orbital to the proton 1g 9/2 orbital appears more then 4 MeV above the Z=50 closed shell and is neglected. But the proton p 1/2 orbital is much closer to the proton 1g 9/2 -about 1 MeV lower -and we have taken it into account by choosing Z = 38 as the proton core. Within this configurational space we reproduce well many of the excited states in the spectrum of 94 Mo. This is shown in Fig. 2 . The main components of the low-lying states (see Table II ) are seniority 2 and 4 with two protons in π(1g 9/2 ) and two neutrons in ν(2d 5/2 ). But the influence of the π(2p 1/2 ) proton orbital is also significant -almost all states contain large components π(p Tables III and IV include also IBM-2 predictions in the O(6) dynamical symmetry limit, where the states 1
have mixed-symmetry. We note that the IBM-2 has only one free parameter -the effective quadrupole proton boson charge e p , while the corresponding neutron charge was put to zero e n = 0. It is remarkable how well the shell model agrees also with the IBM-2 with only a few exceptions. The agreement of shell model calculations with IBM-2 results in different mass regions was noted also by other authors (see, for instance, [40, 41] ).
Let us discuss now the calculated M1 and E2 transition strengths in more detail. The MS assignments for the 1
94 Mo were based on the measurements of relatively large M1 transition strengths. For the calculation of M1 transitions between the shell model states we consider a nuclear magnetic dipole operator, which is the sum of proton and neutron one-body terms for orbital and spin contributions:
where g 
and an isovector part
where L ρ and S ρ denote the total orbital angular momentum and total spin operators for protons (ρ = p) and neutrons (ρ = n). J = L + S is the total angular momentum and does not generate M1 transitions. Table III ) and for the sake of easy interpretation we used the quenching factor α q = 0.57 which results in pure isovector M1 transitions.
The isovector M1 ground state excitation strength is calculated to be concentrated in the 1 This transition falls out from the sd-IBM-2 scheme and probably is related to the excitations of g-bosons in terms of the IBM.
Having found support for MS assignments from the large isovector M1 transition strengths it is interesting to turn to the E2 transition properties. While the existence of large isovector M1 transitions may indicate a different proton-neutron symmetry, one can, in contrast, judge a similar proton-neutron symmetry for two states from the existence of collective isoscalar E2 transition matrix elements between the two states. The E2 transition operator is the sum of proton and neutron parts:
where e p and e n are the proton and the neutron effective quadrupole charges and
It is again convenient to decompose the E2 operator in an isoscalar part
and in an isovector part
The calculated E2 transition strengths and matrix elements are compared to experiment and to schematic IBM-2 estimates in Tab. IV. In the low-lying low-spin level scheme of 94 Mo one expects from a simple quadrupole vibrator picture the existence of the collective isoscalar E2 transitions which are indicated in Fig. 3 state.
Of particular interest in this article is the proton-neutron structure of those states to which mixed-symmetry was previously assigned from the measurements of large M1 and E2 transition strengths [1, 2] . In order to simplify the discussion we consider now a schematic model for the analysis of the wave function of the 2 Mo and in neighboring nuclei as a result of quadrupole surface vibrations in anti-phase and corresponding two-phonon excitations was discussed earlier in a geometrical approach by A. Faessler [8] .
In the realistic shell model calculation for 94 Mo presented above MS states cannot so easily be identified from the wave functions. Isospin symmetry and seniority conservation are broken due to the interaction chosen and the single particle orbitals considered. The ground state contains 72% components with seniority ν = 0. The 2 (10) and (11) The schematic analysis given above helps to make some more general conclusions about the nuclear structure properties which can lead to the appearance of the "mixed symmetry" states in near-spherical nuclei. At first, we remind that the amplitudes of proton and neutron parts of symmetric and nonsymmetric states have to be approximately equal. These proton (neutron) parts of the wave functions of the symmetric state and its nonsymmetric counterpart must be rather similar, too. As it follows from our calculations this condition can be achieved if the configurational space for valence protons (neutrons) may be restricted to one high-j orbital (in our case proton 1g 9/2 ) and one of the nearest orbitals with small single particle j quantum number (in our case proton 2p 1/2 ). An ideal case is a single high-j orbital. Otherwise, if there are few neighboring neutron (proton) orbitals with the j value comparable to the single particle angular momentum of the selected leading neutron (proton) orbital and if the influence of these orbitals cannot be neglected, then the neutron (proton) parts of the symmetric and nonsymetric states can be rather different. We can observe it already in our case for the neutron parts of the 2 + 1 state and the 2 + 3 state: the overlapping 2 + 3,n |2 + 1,n is only 0.63. Therefore it can be expected that with the increase of the number of valence neutrons in the considered configurational space the neutron parts will be stronger fragmented and the neutron overlapping can be significantly reduced destroying the picture. On the contrary the increase of the number of valence protons in 1g 9/2 orbital will keep the proton parts similar and the "mixed symmetry" 2 + state will probably survive. We hope that the above observations will be useful for the search for further mixed-symmetry phenomena in the neighboring nuclei.
We stress, however, that for the quantitative analysis of the relative proton-neutron symmetry of wave functions it can be more useful to analyze size and isotensor character of electromagnetic transition matrix elements between the calculated states, as was shown above, because of the presence of non-collective states in the shell model configurational space. Considering the radical truncation of the shell model problem which led to the formulation of the IBM it is remarkable how far the IBM and the shell model agree on the properties of mixed-symmetry states of 94 Mo.
IV. CONCLUSIONS
To summarize, we have performed shell model calculations for the near-spherical nucleus 94 Mo using the Surface Delta Interaction as the residual interaction. We calculated excitation energies of the low-spin positive-parity states and M1 and E2 transition strengths between them. In most cases the calculations agree well with the data. Calculated wave functions, M1, and E2 matrix elements support the previous mixed-symmetry assignments for the 1 Table IV. TABLES   TABLE I . Parameters used for the shell model calculation of 94 Mo: proton and neutron single particle energies for the orbitals included in the configurational space and the interaction parameters of the Surface Delta Interaction as defined in Ref. [36] .
Value were used in the shell model. Hence, all M 1 transition strengths shown here are generated by the isovector part of the M 1 transition operator. Schematic B(M 1) values calculated previously [1, 2] in the O(6) dynamical symmetry limit of the IBM-2 are given in the last column. TABLE IV. Experimental [1, 2] and calculated E2 transition rates between some low-lying states of 94 Mo. The shell model effective neutron and proton charges e n = 1.0e and e p = 2.32e were used. The harmonic oscillator length is b=A 1/6 . The schematic IBM-2 estimates [1, 2] are given in the fourth column. In columns five and six the total shell model E2 matrix elements are decomposed into their isoscalar and isovector parts according to Eqs. (8, 9) . The underlined values for isoscalar matrix elements represent cases for which collective isoscalar E2 transitions are expected from a vibrator model or from the γ-soft dynamical symmetry limits of the IBM. a see footnote "a" of Table III 
